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Abstract  T he quas-i reversible responses of both adsorbed and bulk cytochrome c at the
pret reated gold elect rode are observed. The adsorpt ion behaviors and react ion kinetics have been
studied using in situ FT IR spectroscopy, UV/ Vis reflect ion spectroscopy, voltammetry , AC
impedance and potent ial step methods. The results show that the cytochrome c can irreversibly
adsorb on the gold surface in a complete monolayer and the adsorbed layer can mediate the redox
reaction of the cy tochrome c in the solut ion in the absence of promoter.
Key words  Cytochrome c, Gold electrode, Elect rochem ical act ivity, I n situ spect ro-
scopies
INTRODUCTION
T he elect rochemical processes of cy tochrome c have been w idely studied in order to under-
stand elect ron t ransfer mechanisms in biolog ical systems. In part icular, elect ron t ransfer betw een
elect rodes and cy tochrome c has received considerable at ttent ion. M ost research w orks were car-
ried out in the presence of promoters. Usually , proteins can adsorb strong ly on elect rode surfaces
from aqueous and the adsorbed layer plays an important role in the elect rode react ions of these pro-
teins from the bulk of solut ion [ 1] . How ever, previous w orks show ed that cytochrome c was elec-
troinactive at the thermodynamic potent ial at a gold electrode in the absence of promoters[ 2] , and
adsorbed cytochrome c could only mediate the reduct ion of cytochrome c in solution via elect ron
transfer through the unfolded protein layer[ 3] . Recent ly, the quas-i reversible responses of both
adsorbed and bulk cytochrome c were observed at the bare gold electrode w ith suitable pretreat-
ment in the absence of promoters by our research g roup [ 4- 6] . The research research results by A.
Szucs and M. Novak also suggested that the adsorpt ion of the protein molecules, and reversible
elect ron t ransfer can be observed if it is the monomeric form of cytochrome c[ 7, 8] . In this paper,
the adsorpt ion behaviors and react ion kinet ics of cytochrome c at a bare gold elect rode are studied
using in si tu FT IR spect roscopy, U V/ Vis ref lect ion spectroscopy, voltammetry, AC impedance
and potential step methods.
¹ Received 16 May, 1996
EXPERIMENTAL
Horse heart cy tochrome c ( type Ö ) , which purity is 96% cytochrome c based on molecular
w eight 12, 384 and 4% H 2O, w as purchased from the Sigma Chemical Company. All chemicals
used w ere of analyt ical reagent quality. A gold disk ( apparent area: 0. 28 cm
2
) w as as the working
elect rode, a plat inum ring as the counter electrode and an aqueous saturated calomel electrode as
the reference elect rode. All the experiments were carried out at room temperature ( around 20 e )
and the elect rode potentials are represented w ith respect to SCE in this paper.
Electrochemical measurement and AC impedance measurement w ere performed using the
Electrochemical System ( PARC M370) and AC Impedance System ( PARC M378) . For FT IR
and UV/ V is spect roscopic measurments, the FT IR apparatus ( Nicolet 730) , UV/ Vis Spect rom-
eter ( Shimadzu UV-240) , and the combined spectroelectrochemical measurement system
[ 9]
were
used, respect ively .
RESULTS AND DISCUSSION
1  Dependence of Electroactivity of Cytochrome c upon Electrode  
Pretreatment
T he cyclic voltammograms of the gold elect rode in a phosphate buf fer solut ion w ithout cy-
tochrome c ( blank solution) is show n in Fig. 1-1. For studying dependence upon elect rode pre-
treatment , the gold electrode w as pretreated under different conditions. T he potent ial of the gold
elect rode was f irst cy cled with 100mV/ s sweep rate betw een the potent ials of hydrogen evolut ion
and oxygen evolut ion ( - 0. 9V ~ + 1. 2V) in a phosphate buffer solut ion ( pH7. 0) ( containing
0. 1mol/ L NaClO4) . Af ter seven cycles ( about five minutes) , ConditionÑ at - 0. 9V ( potent ial
of hydrogen adsorbing) ; Condition Ò at - 0. 3V ( potent ial of double- layer charging) ; Condit ion
Ó at + 0. 7V( start potential of ox ygenic species adsorbing) ; Condit ion Ô at + 1. 2V ( start po-
tential of ox ygen evolut ion) .
T he cyclic voltammograns of the gold elect rode w ith different pret reatment in a phosphate
buffer solution containing 5 mg/ mL ( 388 umol/ L) cytochrome c is showm in Fig . 1-2. The back-
g round current decreases w ith repet it ive scanning in Fig. 1-2. A couple of peaks w hich are at-
t ributed to redox reactions of cytochrome c appear in Fig. 1-2( Ñ ) and 1-2( Ò ) . The results ind-i
cate that cy tochrome c is elect roact ive at the gold electrode if the electrode is pre-polarized at the
potent ial of hydrogen adsorbing ( Condit ionÑ ) or at the potential of double- layer charg ing ( Con-
dit ion Ò ) , and cytochrome c is elect roinact ive at the gold elect rode if the electrode is pre-polarized
at the potential of oxygenic species adsorbing ( Condit ion Ó ) or oxygen evolut ion ( Condit ion Ô ) .
It is show n that existence of oxygenic species on the gold elect rode surface w ill cause inact ivat ing
of cytochrome c. T he AC impedance spectra are also confirm the ex istence of oxygenic species on
the electorde surfaces and the affect ing to elect roact ive of cytochrome c.
T he experiments also indicate that the cytochrome c can also be elect roact ive at the Condit ion
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F ig. 1-1)  Voltammogram of a gold electr ode in the
phosphate buffer solution containing 0. 1 mol/ L
NaClO 4( pH 7. 0)
  1-2)  Voltammograms ( a: the first cycle; b: the
cycle cycling till ten minutes) of the gold elec-
tr ode w ith different pretreatment ( Condition Ñ ,
Ò , Ó and Ô ) in a phosphate buffer solution
containing 5 mg/ mL cytochrime c.
Sw eep rate: 100 mV / s. Apparent area of gold
electrode: 0. 28 cm
2
 Ñ or the Condit ion Ò if they are immersed at
first in the phosphate buf fer solut ion containing
5mg/ mL cytochrome c for tw o hours. It is in-
terest ing that the cytochrome c w ill lose its ac-
t ivity if the elect rode ( Ñ or Ò ) , at w hich the
cytochrome c is already electroactive, is con-
trolled at + 0. 7V for ten m inutes in the solution
cont ining cytochrome c because of the effect of
ox ygenic species adsorbing.
T herefore the elect rochemical t reatmtnt for
the bare gold elect rode is crucial in the electro-
chem ical activity of the cytochrome c, reg ard-
less of the adsorbed one or the bulk one. The
cytochrome c w ill loss it s elect rochem ical act iv-i
ty if the final potential is cont rolled at a more
anodic potential than the one of the adsorption
of oxygenic species.
2  Voltammetric Studies of Ad-
sorbed Cytochrome c and Bulk
Cytochrome c
In the follow ing experiments, the gold
elect rode w ith adsorbed cytochrome c w as pre-
pared as follow s: ( 1) the surface of gold elect rode
w as polished mechanically w ith emery paper and
0. 5Lm alumina slurry ( double- layer capacity
Cdl , ~ 15LF/ cm
2 ) ; ( 2) the surface w as cleaned
elect rochemically by cycling the electrode poten-
t ial between the potent ials of hydrogen evlution
and oxygen evolut ion ( - 0. 9V ~ + 0. 2V ) for
five minutes and then w as controlled at - 0. 9V
for f ive minutes in the phosphate buffer solution
( pH 7. 0) ( Cdl, 60~ 80LF/ cn
2) ; ( 3) the gold electrode w as immediately immersed in the phos-
phate buf fer solution containing 5mg / mL cytochrome c for 2 hours or cy cled the elect rode poten-
t ial in the redox potent ial range of the cytochrome c till occurring a stable voltammogram w ith the
redox current peaks.
T he stable cyclic voltammograms of the gold elect rode w ith adsorbed cytochrome c in the
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phosphate buf fer solut ion ( pH7. 0) w ithout cytochrome c are show n in Fig. 2-1. The anodic and
the cathodic peak potentials ( E pa  and E pc  ) are near 50mV and near 0mV respectively w hen the
sw eep rate T is 100mV/ s. Fig. 2-1 shows that the redox reaction of the adsorbed cy tochrome c at
the gold elect rode is a quas-i reversible elect ron transfer react ion. The rate constant Ks is estimated
as 1. 9s- 1 according to the kinet ic equat ions
 Epa= - ( 2. 3RT / BnAF )#log 10( RTK b/ BnAFM)
F ig. 2 Voltammog rams of the gold
electrode with adsorbed cy-
tochrome c in the phosphate
buffer solution ( pH 7. 0 )
w ithout cytochrome c ( 1)
and containing 5mg/ mL cy-
tochrome c ( 2) .
Sweep rate: ( a) 100 mV /
s; ( b) 50 mV/ s; ( c) 20
mV / s; ( d) 10 mV / s; ( e) 5
mV / s. Appar ent area of
gold electorde: 0. 28 cm2 .
and
 K s= K b#exp( BE0cF/ RT )
of the irreversible electron t ransfer react ion of adsorbed species f rom the voltammogram ( Epa= 0.
29V vs NHE, E 0c= 0. 26V vs NHE, B= 1- A= 0. 5, nA= 1
) [ 10] . T his rate constant is slightly less than the real value. It is
shown that elect ron t ransfer of the adsorbed species w as rather
fast .
T he open circuit potent ial of the gold elect rode w ith ad-
sorbed cytochrome c in the phosphate buf fer solut ion ( pH7. 0)
containing 5mg / mL cy tochrome c w as 60mV, and it indicated
that the cytochrome c w as in a state of oxidized. The cyclic
voltammograms of the gold elect rode w ith adsorbed cytodhrome
c in the phosphate buf fer solut ion containing 5mg / mL cy-
tochrome c are show n in Fig. 2-2. For 100mV/ s sw eep rate, the
anodic and the cathodic peak potent ials are at + 65mV and at -
5mV, respect ively. Their difference $Ep is 70mV, g reater
slightly than that ( $Ep = 59mV ) of reversible electron trans-
fer . The shapes of the anodic peak and the cathodic peak are
similar, and their peak current values are approx imately equal.
T he peak current showm in Fig . 2-2 is directly proport ional to
the square root of the sw eep rate at slow sw eep rate, and the
peak potent ial is almost independent of the sweep rate. The
above results show that the redox reaction of bulk cytochrome c
at the gold electrode w ith adsorbed cytochrome c is a quas-i re-
versible react ion. The dif fusion coef ficient 3. 2 @ 10- 7 cm2/ s for
the cytochrome c in the buffer solution may be derived from the
slope of the curve ( 5. 5 @ 10- 7A#S1/ 2 #mV- 1/ 2 ) , and is much
low er than the value of 1. 1 @ 10- 6 cm2/ s from non-electro-
chem ist ry[ 2] . The formal standard rate constant Ks is calculated
as 7. 1 @ 10- 3 cm / s from the peak potent ial difference $Ep ac-
cording to the w orking curve of n#$Ep as a funct ion of the var-i
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F ig. 3-1)  T ransmission IR spectrum of
cytochrome c ( KBr pellet) .
F ig. 3-2)  I n situ FT IRdifference 
spectra of the gold electrode
wit h adsorbed cytochrome c
in the phosphate buffer solution
( pH7. 0) .
Step potent ials: ( a) E 1 =
200 mV , E 2= - 200 mV ;
( b) E1= - 200 mV , E 2=
+ 200 mV .
able WDef ined by the equation
 W= ( RT ) 1/ 2 K s / ( nFDPM) 1/ 2
for quas-i reversible elect ron t ransfer react ion[ 11] . It is show n
that the adsorbed cytochrome c can mediate the redox reac-
t ion of the cytochrome c in the solution v ia electron transfer.
3  In Situ FTIR and UV/ Vis Spectroscopic
Studies of Adsorbed Cytochrome c
T he in situ FT IR difference spectra and the UV/ Vis
reflection spectra betw een the oxidizing potent ial and the re-
ducing potent ial of the adsorbed cytochrome c at the gold
elect rode in the phosphate buf fer solut ion w ere obtained. The
posit ive of negat ive IR dif ference spect rum bands near 1 397
cm
- 1
, 1 454 cm
- 1
, 1 538 cm
- 1
and 1 670 cm
- 1
( F ig. 3) ac-
cording to the ox idizing-minus-reducing or the reducing-m-i
nus-ox idizing potential can assign to the porphyrin ring vibra-
t ional modes in the cytochrome c  molecule[ 12] . The UV/
V is spect rum band at 420 nm can ascribe to the characterist ic
Soret band for the cytochrome c, and it is a bipolar band due
to Soret band shift of cytochrome c at dif ferent potentials
( Fig. 4) . The result ing FTIR and UV/ Vis spect ra confirm
adsorpt ion of the cy tochrome c on the gold surface, redox re-
act ion of the adsorbed cy tochrome c at the gold electrode and
effect of a potent ial on the spectroscopic behaviour of the ab-
sorbed cy tochrome c.
4  AC Impedance and Potential Step  
Measurement Studies of Adsorbed  
Cytochrome c and Bulk Cytochrome c
T he AC impedance spectra were measured during ad-
sorbing process of cytochrome c. T he adm it tance spect ra
( Yc/ X-Yd/ X) w ith t ime are shown in Fig . 5-1, and the per-i
od of sampling a curve is seven minutes. F ig . 5-1 shows that
the adsorpt ion of the cytochrome c incurs decrease of double- layer capacity. The double- layer ca-
pacity decreases quickly at initial stage, and remains a certain value ( C dl, ~ 10 LF/ cm
2) after tw o
hours. It is show n that the adsorbing process of cytochrome c was slow . The adsorpt ion charge 1.
38 @ 10- 6 C/ cm2 is acquired f rom the peak current in the voltammogram of the adsorbed cy-
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F ig. 4-1 )  
UV/ V is absorption   spectra of
the solution containing 8 umol/ L
cytochrome c in a state of oxdizde
( a) and in a state of reduced ( b) ;
F ig. 4-2)  I n situ UV/ V is reflec-
tion difference spectr a
of t he gold electrode
w ith adsorbed cy-
tochrome c in the phos-
phate buffer solution
( pH7. 0) .
Range o f potential mod-
ulat ion: - 60 ~ + 100
mV .
tochrome c ( F ig. 2-1, i p= 2. 5 @ 10- 7A, B= 0. 5, M= 100 mV/
s) according to the reference [ 13]  , which well corresponds to
the complete monolayer adsorbed amount 1. 43 @ 10- 11mol/ cm2.





considering cytochrome c molecule as a sphere
w ith a 3. 5~ 4. 0 nm diameter and assum ing the most compact
hexagonal packing on the surface[ 3] . Since above values is est-i
mated using apparent electrode area and real elect rode surface is
uneven, it can be assumed that the cytochrome c adsorbed on the
gold surface in the form of less unfolded protein layer.
T he Nyquist diag ram of the gold electrode w ith adsorbed
cytochrome c in the phosphate buffer solut ion containing 5 mg/
mL cytochrome c shows a approx imate Randles behaviour ( Fig.
5-2 ) . The results show that the redox reaction of bulk cy-
tochrome c at the gold elect rode w ith adsorbed cytochrome c can
be carried out. The electrode process of the bulk cy tochrome c is
controlled by combining elect ron transfer and diffusion process.
T he equivalent circuit of the electrode impedance is assumed as
the insert show n in Fig . 5-2.
In the potent ial step measurement , the current is directly
proport ional to the m inus square root of time and the charge has
linear relat ion to square root of t ime ( F ig . 6) . The intercept ( 8
@ 10- 7C/ cm2) of the charge curve on the charge ax is involves
charges of both the elect ron t ransfer react ion of the adsorbed cy-
tochrome c and the charg ing of double layer. T his charg e is
smaller than the adsorpt ion charge 1. 38 @ 10- 6C/ cm2. There-
fore, the adsorbed cytochrome c can mediate the elect ron trans-
fer react ion of the cytochrome c in solut ion, but it is proposed
that not all adsorbed molecules would play this role, because
both the conformat ion and the micro-environment of not all ad-
sorbed cytochrome c can match completely the ones of cy-
tochrome c in solut ion. The fact that adsorbed cytochrome c can be a mediator agrees w ith the as-
sumpt ion that the electron- transfer react ions of cy tochrome c proceed through the exposed
edge[ 14] .
Conclusion
T he cy tochrome c can adsorb on surface of gold w ith less unfolded complete monolayer, and
the adsorbed cytochrome c can mediate the quas-i reversible electron transfer react ion of the cy-
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tochrome c in the solut ion on condit ion that the gold surface is t reated accurately elect rochem-i
cally . Existence of ox ygenic species on surface w ould cause elect roact iv ity loss of cytochrome c.
Not all adsorbed molecules w ould mediate the elect ron transfer reaction of the bulk cytochrome c .
It is more possible that the elect ron- transfer reactions of cytochrome c proceed through the ex-
posed edge.
T he support by the Nat ional Natural Science Foundat ion of China is gratefully acknow-l
edged.
Fig . 5-1)  Admittance spectra of the adsorbed cy-
tochrome c at the go ld electrode during adsorbing
process in the phosphate buffer solution containing
5 mg/ mL cytochrome c.
Adsorbing time: ( a) 0 ~ 7 min; ( b) 7 ~ 14 min;
( c) 14 ~ 21 min; ( d) 21~ 28 min; ( e) 28 ~ 35
min; ( f) after 2 hours.
Fig . 5-2)  Nyquist plot of t he gold electrode w ith
adsorbed cytochrome c in the phosphate buffer so-
lution containing 5 mg/ mL cy to chrome c.
Insert: equivalent cir cuit of the electrode
impedance.
Range of AC frequency : 10- 2Hz ~ 105Hz.
Electr ode DC potential: + 0. 1V .
Fig . 6 Curr ent curve as a function of minus square
root o f time ( a) and charg e curve as a func-
tion of square root of time ( b) in potential
step measurement of the gold electrode w ith
the adsorbed cytochrome c in t he phosphate
buffer solution containing 5 mg/ mL cy-
tochrome c.
Apparent area of gold electrode: 0. 28cm2.
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